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Abstract 
The mechanical properties of cross-country skis are usually measured in a lab under standard conditions of 20°C, whereas 
athletes race at temperatures down to -20°C. Static and dynamic properties of seven skating skis from four different brands were 
tested at three different temperatures of 20, 0 and -15°C to investigate temperature dependencies. Span curve measurements were 
performed at loads from 0.2 to 1.3 kN and the natural frequency and damping coefficients were recorded for the front and rear 
section of the skis. All skis showed a high significant change in the damping coefficient of the front section and a significant 
change of the natural frequency. All skis increased their stiffness with decreasing temperature in an early loading phase. The 
results did not show a uniform trend regarding the recorded parameters. The peak camber height increased for two brands (A, D) 
whereas it decreased for others (B, C).  
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1. Introduction 
Mechanical ski properties make a major contribution to the performance in cross-country skiing. Ski span 
characteristics have already been reported to have a major effect on gliding results by Ekström [1] in 1981. It is 
essential to select skis according to the given snow and track conditions and with suitable properties and behaviour 
in order to minimize kinetic friction and optimize the gliding speed in skating technique. To achieve this, world-
class athletes usually spend a great amount of time testing new skis each year. Laboratory tests of skis are an 
important supplement to field tests and help both athletes and ski technicians gain a better understanding of an 
athlete’s ski selection. They allow the collection of important data like span characteristics, flexural behaviour and 
contact between ski and snow. Bäckström et al. [2] described a procedure to pair matching skis by analysing the ski 
span characteristics and the contact pressure. Usually all laboratory testing is done under standardized conditions, 
often at room temperature, because the accuracy of the measurement devices relies on a constant operating 
temperature. The lower temperature limit for cross-country races is set by the International Ski Federation [3] at a 
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temperature of -20°C, measured at the coldest point of the course. The average air temperature during the cross-
country and biathlon World Cup events from the seasons 2004 to 2006 was -4.6°C with 80% of all races above  
-8°C [4]. The purpose of this paper is to determine if static characteristics such as camber height (CH), span length 
(SL), contact length and dynamic characteristics such as natural frequency, f and damping coefficient, λ of skating 
skis are temperature dependent in a temperature range from -15°C to 20°C. 
2. Methods 
Seven skating skis from four different manufactures were tested with a SkiSelectorTM measurement device 
(Vendolocus Development AB, Bromma, Sweden). The SkiSelectorTM device consists of a rigid aluminum frame 
with a steel plate on top upon which the ski is placed [5]. The vertical load unit is controlled by computer. The load 
can be applied in steps of 10 N up to a maximum of 1.5 kN The span curve is obtained by a height sensor which 
travels along the ski and measures the distance between the ski base and the steel plate. The sampling rate of the 
height sensor is 200 Hz, which results in a longitudinal resolution of about 1 mm per measurement. The following 
parameters were calculated using the span curve data: peak camber height (PCH), the height at the balance point 
(BP), the contact length of the front section (CFS) and back section (CBS). Camber height values below 0.1 mm 
were defined as contact. The load needed to compress a ski down to 0.2 mm is called FA. The FA measurement was 
made 80 mm behind the BP, just below the point of the load application.  
In addition to the static analysis, dynamic properties were measured, including natural frequency and damping 
coefficient of both front and back section. Eight acceleration sensors were attached to the front section with 0.1 m 
spacing starting 0.1 m from the ski tip. On the back section of the ski, five acceleration sensors were attached 0.1 m 
from the back end of the ski to the back end of the binding. The skis were mounted on a solid welding table to avoid 
resonance vibration according to [6]. For the measurements on the front ski, the balance point was the last 
attachment. The measurements on the back section were performed with a defined length of 0.65 m from the end. 
The skis were loaded at the end with a defined weight, which was released by a simple mechanism to start a free 
vibration. The sampling rate was 1 kHz for all sensors. Data was processed in a LabView application, which 
calculated the natural frequency out of a discrete Fourier transformation analysis and the damping coefficient of all 
sensors. A detailed description of the measurement device can be found in [7]. The damping coefficient, λ is 
calculated according to the exponential decay of the oscillation 
( )0 costa a e tλ ω− ⋅= ⋅ ⋅  (1) 
where a0 is the initial acceleration amplitude and ω is the angular frequency. Both the SkiSelectorTM and the 
vibration analyzing devices were placed at room temperature, T1 during all measurements to avoid any temperature 
dependent errors from the devices. After the first measurements at T1 all skis were kept in a freezing lab for several 
hours at the two other defined temperatures T2 = 0°C and T3 = -15°C, to reach the defined temperature. Only one ski 
was taken out of the cold room to perform either the static or dynamic measurements and the ski was immediately 
placed back in the cold room. Each test was completed within 5 minutes.  
For the statistical analysis of the results, the SPSS statistical program was used. Averages or differences of means 
from parameters of interest were compared from all three temperatures. The two-sided level of significance, p was 
calculated. The level of significance was set to p ≤ 0.05 and highly significant was defined as p ≤ 0.01.  
3. Results 
3.1. Repeatability test 
The device’s height and longitudinal accuracy was investigated by n = 100 test measurements of one skating test 
ski. A one sample Kolmogorov-Smirnov Test of the data showed a normal distribution. A summary of the accuracy 
tests is listed in Table 1. The left brand A ski was used to perform all the repeatability tests at T1. The tests were 
performed with the SkiSelectorTM device at a vertical load of 0.6 kN. The excitation load for the free oscillation and 
damping tests was 10 N in the front section and 22.3 N for the back. The standard error (SE) for the CH 
measurements was 0.0023 mm and 0.5 mm for the SL.  
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Prior to the vibration damping tests at different temperatures, the accuracy of the instrument was tested on both 
the front and back section with n = 100 measurements. The results showed a normal distribution for the 
measurements.  
Table 1. Summary of the repeatability tests conducted with the left brand A ski at T1. A load of 0.6 kN was applied 80 mm behind the balance 
point (BP) to measure the span-related parameters. SE = standard error, SD = standard deviation, SL = span length. Sample size n = 100 for static 
and dynamic measurements. 
 Static measurements Dynamic measurements 
 z of BP x of PCH PCH SL fFront λFront fBack λBack 
 [mm] [mm] [mm] [mm] [Hz] [-] [Hz] [-] 
Mean 1.162 69.281 1.238 536.7 17.390 5.365 46.285 6.014 
SE 0.0017 0.3403 0.0023 0.50 0.0095 0.0426 0.0005 0.0454 
SD 0.0171 3.4032 0.0227 5.00 0.0973 0.4366 0.0056 0.4648 
3.2. Differences within a pair of skis 
The span curves shown in Fig. 1a illustrate the differences between the left and right ski of one pair. In Table 2 
some of the parameters are listed to classify the characteristics for cross-country skis. The skis were loaded 80 mm 
behind the BP with 0.4 kN. The two brand A skis were most alike in their span curves as well as in the other 
recorded values. The FA value varied by 50 N between the brand A skis, whereas the difference was biggest among 
the brand B pair, with a value of 88 N. The biggest difference in PCH and the height at the BP was measured for the 
brand D skis at 0.81 and 0.92 mm, respectively (Table 2). The net contact lengths in the front section showed as 
much as a 50.7% difference for the two brand B skis, whereas the brand A skis were very alike, with 422 and 418 
mm of contact length in average. The differences between skis were highly significant for the SL, CFS, CBS, height 
at BP and PCH. The following temperature-related results are split for each ski of each producer. Just one ski from 
brand C was tested. 
Table 2. Differences between the two skis of a pair for each brand. The left ski acts as reference for the right one. The skis were loaded with  
F = 0.4 kN at 80 mm behind the balance point. The averages from all three temperatures were taken. Just one ski of brand C was tested. 
FA Height BP. PCH Pos of Peak SL CFS CBS Start of SL Ski 
Brand [N] [mm] [mm] [mm] [mm] [mm] [mm] [mm] 
 left right Left right left right left right Left right left right left right left right 
A 1070 +50 1.69 +0.08 1.79 +0.06 68 -4 660 +3 422 -4 489 +14 -301 -1 
B 705 -88 2.20 -0.48 2.23 -0.48 24 -7 771 -56 174 +119 157 +37 -353 +17 
C 879  1.97  1.98  -10  764  379  331  -371  
D 905 +65 2.95 -0.81 3.26 -0.92 91 -5 835 -42 261 -76 415 -13 -352 +12 
 
Fig. 1 (a, left) The different span curves for all skis. The horizontal axis shows the position along the ski with the rear ski end at about -900 mm 
and with the balance point (BP) at 0 mm. (b, right) The movement of the peak camber height and its location along the ski is shown for each brand 
(mean of both skis) and for the three different temperatures. The applied load increased from 0.2 to 1.3 kN. Just one ski was tested from brand C. 
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3.3. Differences between ski brands at T1
The four selected brands showed a very wide range of characteristics (Fig. 1a + b). The PCH at 0.2 kN vertical 
load at T1 ranged from 3.19 mm from brand A to 5.74 mm from brand D (Fig. 1b). The position of the peak height 
varied from -14.1 mm behind the BP for brand C to 73.9 mm in front of the BP for brand D. All skis showed a 
special progression of the peak camber position with increasing load as shown in Fig. 1b. The PCH was pushed 
forward on all skis as the load increased to 1.3 kN. The movement was smallest for brand B skis with  
9.3 mm on average. The peaks moved most on the brand D skis with 87.6 mm on average.  
Brand A skis had the lowest camber and in addition were the stiffest as shown in Fig. 2. In an early loading 
phase from 0.3 to 0.5 kN, the stiffness, kearly was more than twice as high as any other ski with 229.9 N/mm. Brands 
B, D and C had a kearly of 104 to 109.8 and 109.6 N/mm. In the load range from 0.7 to 0.9 kN, also denoted as klate 
the skis became more similar, ranging from 657.6 (D), 726.7 (C) to 809.2 N/mm (A). The brand B skis had a low 
camber height of 0.18 and 0.07 mm when loaded with 0.7 to 0.9 kN so they showed very little vertical displacement 
in that range, which resulted in a klate value of 1790.7 N/mm. 
3.4. Temperature effect on ski characteristics 
The stiffness, k of all the skis and temperatures show a clear trend (Table 3 and Fig. 3). At T3 all skis had a higher 
stiffness in the early phase, kearly of the attenuation. The difference in stiffness between the ski brands varied by as 
much as 126.5 N/mm between the softest (D) and stiffest (A). The results for the later phase, klate are not clear. 
Brand A skis were also stiffest in the higher loaded range, aside from brand B (which practically showed no further 
displacement, resulting in very high k values of 1703.1 and 2102.1 N/mm). The camber height for brand A varied 
between 0.67 to 0.42 mm in this load range, resulting in klate values of 740.6 and 891.8 N/mm.  
Both brand A and the right brand D ski showed a highly significant increase in the PCH between all three 
temperatures as well as at the BP. Brand C and the two brand B skis had a significant decrease of the PCH and BP 
height (Table 4). The position of the PCH showed a significant change in 4 of the 21 ski/temperature combinations; 
the right brand D ski between T1 to T2 and T2 to T3, brand C between at T2 to T3 and brand B right ski between T1 to 
T2. In all other ski/temperatures combinations the position of the PCH did not show temperature dependence. 
All skis showed a decrease in both CFS and CBS. In average the contact lengths were shortened by 42.7 mm in 
the back and 82.2 mm in the front section, respectively. There was a high significance for most skis regarding the 
CFS, except for the left brand A ski. All skis showed a highly significant decrease in the CBS between T1 and T3.  
The SL increased for brand A and D skis (12.4 and 5.5 mm) but not significantly (p = 0.938 and p = 0.162). 
Brand B and C showed a significant decrease in SL with up to -6.8 mm between T1 and T3. 
A highly significant change was found between the natural frequency and damping coefficient for all skis 
between T1 and T3, except for the left brand D ski, which showed a significant change in frequency with p = 0.047. 
For both brand A skis, the left brand B and the right brand D ski, the frequency increased whereas for the others it 
decreased on the front part of the ski. 
 
Fig. 2. (a, left) Comparison of the span curves for a brand A ski loaded with 0.4 kN at three different temperatures. (b, right) Average peak 
camber height for all brands at loads from 0.2 to 1.3 kN and the three different temperatures T1 (solid), T2 (dashed) and T3 (dotted line). 
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Table 3. Mean ski mean stiffness, k for each brand at the three measured temperatures T1, T2
and T3 split up into early stiffness, kearly from the range of 0.3 – 0.5 kN, and late stiffness, klate 
calculated between 0.7 – 0.9 kN. The measurements were taken 80 mm behind the balance 
point. The percentages in parentheses show the change regarding to the initial value at T1. 
Brand T1 T2 T3 T1 T2 T3
 kearly kearly kearly klate klate klate  
A 229.9 234.8 (+2.13%) 236.5 (+2.87%) 809.2 740.6 (-8.48%) 891.8 (+10.21%)  
B 104 109.8 (+5.58%) 114.4 (+10%) 1790.7 1703.1 (-4.89%) 2102.1 (+17.39%)  
C 109.6 114.1 (+4.11%) 114.1 (+4.11%) 726.7 726.7 (+0%) 754.6 (+3.84%)  
D 109.8 113.9 (+3.73%) 110 (+0.18%) 657.6 635.8 (-3.32%) 614.9 (-6.49%)  
Fig. 3. Early (full lines) and late (dashed lines) 
stiffness, k for all brands and temperatures T1, T2 
and T3.
 
The skis’ dynamic properties changed slightly at the back part of the ski. Except for the right brand B ski  
(-0.01 Hz), the natural frequency increased by 0.58 Hz, which was significant except for the brand C ski. The 
damping coefficient of the back part also generally increased by 0.5 but not for the left brand A ski, which stayed 
constant and for the right brand B ski, which dropped by -0.58. 
Table 4. Results from the statistic paired-sample t-tests for all 21 ski/temperature combinations and the 10 parameters: natural frequency, f front 
and back; damping, λ front and back; peak camber height (PCH); position, x of PCH; span length (SL); contact back and front section (CBS and 
CFS); height, z at the balance point (BP). Significant changes are marked in ´italic´ and highly significant changes in ´bold´ letters.  
    Static measurements Dynamic measurements 
Pair Brand Side Temp. 
Δz BP 
[mm] 
Δx of PCH 
[mm] 
ΔPCH 
[mm] 
Δ SL 
[mm] 
Δ CBS 
[mm] 
Δ CFS 
[mm] 
fFront 
[Hz] 
Δ λFront 
[-] 
FBack 
[Hz] 
Δ λBack 
[-] 
1 A left T1 - T2 0.04 -4.1 0.05 5.5 -11.0 -31.4 -0.03 2.00 -0.10 0.59 
2 A left T2 - T3 0.05 4.1 0.05 6.9 -12.3 -24.2 0.06 -3.54 0.09 0.22 
3 A left T1 - T3 0.09 0.0 0.10 12.4 -23.3 -55.6 0.02 -1.54 0.00 0.81 
4 A right T1 - T2 0.04 1.4 0.05 10.9 -19.1 -53.2 0.34 -0.77 -0.04 0.13 
5 A right T2 - T3 0.03 -1.4 0.03 -5.4 -30.0 -8.2 -0.02 -1.31 0.34 0.63 
6 A right T1 - T3 0.07 0.0 0.08 5.5 -49.1 -61.4 0.31 -2.08 0.30 0.76 
7 B left T1 - T2 -0.09 0.0 -0.08 -0.1 -20.4 -53.2 0.27 -0.90 -0.22 0.38 
8 B left T2 - T3 -0.05 0.0 -0.06 -6.7 4.0 -15.0 -0.11 -1.04 -0.35 0.50 
9 B left T1 - T3 -0.14 0.0 -0.14 -6.8 -16.4 -68.2 0.15 -1.94 -0.58 0.89 
10 B right T1 - T2 -0.08 1.3 -0.07 1.3 -36.9 -23.1 0.04 -0.27 0.23 -0.02 
11 B right T2 - T3 -0.02 1.4 -0.02 -6.8 -6.8 -75 -0.12 -1.91 0.89 0.01 
12 B right T1 - T3 -0.1 2.7 -0.09 -5.5 -43.7 -98.1 -0.07 -2.18 1.12 -0.01 
13 C left T1 - T2 -0.06 0.0 -0.06 -1.3 -9.6 -19.1 0.02 -0.18 0.47 -0.33 
14 C left T2 - T3 0 0.0 0.00 0.3 0.1 -11.3 -0.23 -0.13 0.17 0.39 
15 C left T1 - T3 -0.06 0.0 -0.06 -1.0 -9.5 -30.4 -0.21 -0.31 0.64 0.05 
16 D left T1 - T2 0.08 0.0 0.08 8.2 -11.3 -136.3 -0.13 0.47 0.51 0.60 
17 D left T2 - T3 0.00 4.1 0.02 -2.8 -43.3 -68.2 0.11 -2.18 -0.22 0.34 
18 D left T1 - T3 0.08 4.1 0.1 5.4 -54.6 -204.5 -0.02 -1.71 0.29 0.93 
19 D right T1 - T2 0.07 6.8 0.09 13.7 -36.9 -39.5 0.02 1.59 0.4 -0.23 
20 D right T2 - T3 0.05 -4.1 0.03 -1.3 -65.4 -17.8 0.06 -2.75 -0.25 0.29 
21 D right T1 - T3 0.12 2.7 0.12 12.4 -102.3 -57.3 0.08 -1.16 0.14 0.06 
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4. Conclusions 
The major finding in the present study was that static and dynamic ski characteristics change for skating skis in 
the temperature range between 20°C and -15°C. 
• There was a significant decrease in the damping coefficient, λ of -34.3% for the front section of the skis.  
• Ski stiffness increased for all skis with decreasing temperature at the early load range from 0.3 to 0.5 kN. At the 
higher load range from 0.7 to 0.9 kN load, the stiffness results were not that uniform. No brand increased its 
stiffness between T1 to T2 but three brands became stiffer at T3, except brand D which decreased by -6.49%.  
• Both, contact at the front and back sections became shorter for 40 out of the 42 ski / temperature combinations 
skis at all temperatures. 
• Skis might change their characteristics in either way, but compared with the differences between ski brands the 
magnitude is of a much smaller scale.  
The measurements presented make it possible to both compare and match skis from one brand, as well as ski brands 
compared to each other. Ski producers use different core and cap materials, production methods and shapes for their 
skis. This results in different thermal behaviour. It is not possible to state a general trend about thermo-dependent 
characteristic changes over all measured brands.  
This study was only done on skating skis. Thermo-dependent changes could play an even more important role for 
classic-style cross-country skis. The kick-wax zone is usually determined by measurements at room temperature. 
Changes in camber height and length according to thermo-related property changes might have an effect in the 
length of these zones, especially for colder skis. 
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